Recent sequencing efforts and experiments have advanced our understanding of genome evolution in yeasts, particularly the Saccharomyces yeasts. The ancestral genome of the Saccharomyces sensu stricto complex has been subject to both whole-genome duplication, followed by massive sequence loss and divergence, and segmental duplication. In addition the subtelomeric regions are subject to further duplications and rearrangements via ectopic exchanges. Translocations and other gross chromosomal rearrangements that break down syntenic relationships occur; however, they do not appear to be a driving force of speciation. Analysis of single genomes has been fruitful for hypothesis generation such as the whole-genome duplication, but comparative genomics between close and more distant species has proven to be a powerful tool in testing these hypotheses as well as elucidating evolutionary processes acting on the genome. Future work on population genomics and experimental evolution will keep yeast at the forefront of studies in genome evolution. 
GENOME EVOLUTION

S. cerevisiae: What Was Understood from a Single Genome?
In 1996 the budding yeast Saccharomyces cerevisiae was the first eukaryote to be completely sequenced (38, 85). It was a huge effort performed by numerous laboratories in Europe, North America, and Japan using two genomic cosmid libraries of yeast DNA. It became clear that the genome sequence was a starting point for addressing innumerable biological questions rather than an endpoint. The field of evolutionary biology was greatly advanced by the analysis of this genome, with a number of extraordinary findings having been revealed shortly after the sequence was completed. Now, almost a decade later the sequences of a considerable number of other yeast genomes have been unveiled. Using comparative genomics, researchers are continuing to uncover evolutionary processes that act upon the S. cerevisiae and other yeast genomes.
An Ancient Whole-Genome Duplication
With the complete S. cerevisiae genome accessible, gene redundancy became clear (38, 85) . Three kinds of duplications were found (see Figure 1 ): (a) large duplicated segments known as CHRs, where the gene orientation was conserved; (b) multigene families represented by similar but not identical genes singly duplicated in multiple copies and dispersed in the genome; and (c) subtelomeric regions consisting of a mosaic of middle repetitive elements including nonessential genes involved in secondary metabolism.
By analyzing partial sequences, researchers were able to detect the presence of large duplicated CHRs in S. cerevisiae (62, 84, 103) . Different hypotheses were described to explain their origin, but a genome-wide picture was not yet available. Soon after the release of the S. cerevisiae genome, Wolfe & Shields (117) suggested a revolutionary hypothesis on the origin of the genome of wine yeast. They suggested that the S. cerevisiae modern genome originated from an ancient WGD (Figure 1) . Subsequently, massive deletions within the duplicated regions resulted in only a minor fraction of duplicated genes remaining in the current genome (see Figure 1) . After WGD, chromosomes were dramatically rearranged by GCRs and CHRs (or duplicate blocks) were scattered through the genome, erasing any trace of the original block order. Using an amino acid sequence similarity search (BLASTP), Wolfe & Shields (117) identified 55 duplicated blocks. The main criteria of the block definition were (a) high BLASTP score of ≥200, (b) at least three duplicated genes within 50 Kbp, and (c) gene synteny. The number of duplicated blocks has continuously been updated by additional analyses (102).
This tetraploidy model was consistent with the fact that 50 of 55 blocks share orientation of the two copies respect to centromere and that triplicated regions were not detected. In contrast, triplicated blocks and random orientation respect to centromere were predicted by the segmental duplication model. A minimal estimation of 376 homologous gene pairs within the duplicated blocks was made. The origin of the WGD could not be determined and either autotetraploidy or allotetraploidy (Figure 1 ) is equally likely to occur. Sequence comparisons of a subset of S. cerevisiae duplicated genes with homologs in Kluyveromyces spp. suggested that WGD occurred after the two lineages diverged from their common ancestor (55, 117, 118) . A computer simulation of the genome evolution after WGD generated a similar situation, with 8% of the duplicated genes retained (101). However, some aspects of WGD in S. cerevisiae were obscure. The synonymous substitutions between each duplicate gene pair within the duplicated blocks were not uniform as expected if they originated at the same time (32). In addition the low-coverage sequencing projects of other yeast show similar degrees of gene redundancy not related to their phylogenetic position with respect to WGD (69) . As discussed below, comparative genomics with close species that diverged from Saccharomyces prior to WGD support a single WGD event in the lineage leading to Saccharomyces (23, 53). Ancient polyploidy is thought to have occurred in a number of organisms such as Arabidopsis thaliana (10) , Oryza sativa (37), and Oncorhynchus mykiss (2) .
De novo WGD has been experimentally tested in the modern S. cerevisiae (3, 82) . Autopolyploid derivatives from S. cerevisiae show a 1000-fold increase in chromosome instability and die in stationary phase, failing to arrest their mitotic growth. This may indicate that autotetraploidy could lead to the massive gene reduction seen in the current species. It could also indicate that it is unlikely that WGD resulted from autotetraploidy, as autopolyploids would be too unstable. Alternatively, the residual duplicated regions of the extant Saccharomyces genome may be detrimental when duplicated again. Allotetraploids have also been produced and these appear The genomes of yeast are subject to numerous dynamic processes that result in duplications, deletions, rearrangements, mutations, and gene conversions. Using genome sequences of extant species and their comparisons, we can presume that an ancestral yeast genome can be subject to duplication of the whole genome or segments or both, increasing the copy number of some or all genes. In addition, subtelomeric duplications allow for further expansion of copy number. These duplications can then be subject to a variety of processes including accumulation of mutations, which leads either to the evolution of new functions and gene specialization or to sequence divergence, and inactivation, which leads to relics. Diverged paralogs can result in gene conversion, leading to homogenization of duplicated genes. Massive deletions of small or large segments also occur in these duplications. Aneuploidy is another mechanism of increase or loss of whole chromosomes that can be subject to the same processes. In addition to duplications and their results, rearrangements of the genome such as inversions and translocations have been frequent throughout evolutionary history. Although relatively rare in yeast genome evolution, HGT also occurs. All these processes have been and continue to be involved in the dynamic history of yeast genomes.
to be healthy and relatively stable in mitotic growth (4, 40, 41) .
Segmental and Single-Gene Duplications
The 55 duplicated blocks can only account for one third of S. cerevisiae paralogs (69) . The duplication of DNA segments is a common feature of eukaryotic genomes (27, 97). Sequence comparison with other yeast species revealed that segmental duplication is an ongoing process in the yeast genome (Figure 1) (31, 70) . Using a gene dosage assay, Koszul et al. (57) have described de novo segmental duplications. Most events (42 of 48) are intrachromosomal direct-tandem duplications ranging from 40 to 650 Kbp. Interchromosomal duplications have been detected less often (6 of 48). The mechanism of segmental duplications remains to be determined (1, 57), but they do occur at measurable rates. Single-gene duplications were also recovered with URA2 in a positive selection screen (98). These duplications seem to arise via reverse transcription of mRNA and involve Ty elements. Therefore, at least two duplication processes continue after WGD, and these may obscure some of the evidence for WGD, making it difficult to solve the exact evolutionary history of yeast genomes.
To avoid uncontrolled genome expansion, the duplications must be counterbalanced by gene loss. Gene inactivation seems to happen prevalently by the accumulation of mutations rather than by deletions (31 ORFs: open reading frames similarities to gene families rather than to single ORFs. Multigene families are mainly located in subtelomeric regions (112) or organized as tandem repeats (65) . Copy numbers and nucleotide sequences are generally highly dynamic (65, 66) .
Subtelomeric Duplication
A third ongoing duplication process occurs in the telomere adjacent regions, or subtelomeres (Figure 1) . Despite the large number of organisms completely sequenced, the S. cerevisiae genome remains to date the only one with fully annotated subtelomeric sequences. An arduous approach has been used to clone the 32 telomeres of S. cerevisiae. This method consisted of integrating a URA3-based vector within the telomeric repeats followed by screening to determine which telomere end was integrated with rescue into Escherichia coli for sequencing (73) . The 32 independent telomeric integrated URA3 vectors can be used to complete the physical map in which telomeres are still absent.
The sequences of subtelomeric regions revealed a number of middle repetitive elements (72, 76, 94) . Many of the genes are involved in secondary metabolism. These genes are not essential, but they play an important role in the adaptation to new environmental conditions. The subtelomeric structure is shared across eukaryotes (83, 93) and may be a general genomic location for adaptive evolution via gene amplification and generation of diversity.
The origin of duplicated genes within the subtelomeric regions is still unknown. One possibility is the high frequency of ectopic recombination. A high frequency of recombinational exchange has been measured between the Y' elements (74, 75) . This recombination should result in homogenization of the two different forms of Y' (short and long), with the complete replacement of one size class over the other. However, the long and short forms are maintained within most strains, suggesting the presence of a nonrandom distribution of 
Extended Aneuploidy in Hybrid Yeast
An alternative way to modify gene copy number is by changing chromosome copy number. An unbalanced number (extra copy or loss of copy) of a subset of chromosomes is known as aneuploidy. This situation is better tolerated as ploidy number increases, since chromosome loss in a haploid cell is a lethal event. Aneuploidy arises by inaccurate chromosome segregation during meiosis or mitosis. Many genes are involved in correct chromosome segregation, which depends on the interaction between the kinetochore and microtubules (6, 48) .
Crossing over ensures a faithful disjunction during meiosis I. In yeast, crossing over is dramatically reduced by an increase in sequence divergence (16, 49) . Saccharomyces sensu stricto species can generate viable hybrids when interbred, but a postzygotic barrier results in only rare viable spores. These spores have extensive imbalance in chromosome number and low frequencies of genetic exchange. The mismatch repair system plays a major antirecombination role in these yeast hybrids (49). Further meioses in these rare viable spores can result in the loss of extra chromosomes, leading to a more euploid state; however, very few recombinants between the diverged chromosome pairs are seen (G. Liti, unpublished data), which contrasts that seen in natural hybrids (see below). One way in which yeast hybrids may escape this postzygotic barrier is to double the chromosome number, which results in an allotetraploid. As in many plant hybrids, Saccharomyces sensu stricto hybrids that double their genome content can produce viable meiotic spores because the chromosomes now have homologous partners and behave as if they have a complement of 32 chromosomes (4, 40, 71) .
The bottom fermenting yeast, Saccharomyces pastorianus, is thought to arise from a natural hybridization event between S. cerevisiae and another Saccharomyces spp. (most likely S. bayanus) (81, 108) . Extensive and variable aneuploidy is found in different S. pastorianus isolates (14) . A limited amount of recombination between the two parental sets of chromosomes and low spore viability outline the problem discussed above. Many of the S. pastorianus chromosomes, however, are chimeric, with part from each parent indicating recombination sometime in their history (8) . Natural hybrids between other Saccharomyces species have been described, indicating that this process occurs in the wild and is not limited to conditions of human influence (68) . S. cerevisiae can be crossed with less related species of the Saccharomyces sensu lato group (80) . However, the frequency of zygote formation is low, and most zygotes do not develop further, indicating a prezygotic barrier.
Chromosomal Translocation in Saccharomyces
A postzygotic barrier in Saccharomyces sensu stricto species suggests that the complex is at an early stage of speciation and prezygotic barriers may follow. GCRs induce the formation of multivalents during meiosis, resulting in a loss of gamete viability (50% reduction for each translocation). These rearrangements have been suggested to account for this postzygotic barrier. Using unique chromosomal probe hybridization, Fischer et al. (30) have characterized the whole sensu stricto complex. First, these rearrangements are not required for speciation in yeast, since only three of six species have noncolinear karyotypes. These rearrangements are clustered in few lineages (four in S. cariocanus and S. bayanus, one or two in S. mikatae) and all are unique, thus indicating they occurred after species divergence. Second, they are not randomly distributed, suggesting the rate of translocation is not constant. Bursts of rearrangements might have occurred in different lineages. The number of rearrangements is not consistent with the phylogenetic relationship, indicating they are not a prerequisite of speciation in yeast. Finally, duplicate genes, transposons, and tRNAs have been found at the breakpoints, indicating they may have originated from ectopic recombination events.
The contribution of chromosomal speciation in yeast has been also investigated with a translocation reversal approach (22). This approach consisted of reshaping the yeast genome from noncolinear to colinear. Approximately 40% of the resulting hybrids showed an increase in spore viability (up to 30%). These spores show extensive aneuploid karyotypes. Interestingly, aneuploidy seems to occur at the zygote formation stage. This may provide an alternative way to overcome the hybrid meiotic defects.
The number of translocations increases when less related species are compared. Saccharomyces sensu lato chromosomes display a large number of synteny breaks compared with the sensu stricto genomes, indicating they have been highly reshaped (64) .
Reciprocal translocations have been detected by evolutionary experiments using long-term cultures grown under glucoselimited conditions (26). The breakpoints have been mapped with comparative genomic hybridization arrays. Indeed, those translocations involve Tys and tRNAs similar to those that occurred over evolutionary time. Furthermore, three independent cultures shared a similar translocation of the gene CIT1, which is involved in the regulation of tricarboxylic acid cycle. The repeated occurrence of the same breakpoint suggests an adaptive value. Advantages could derive from changes in gene regulation (Ty can affect expression of nearby genes) or from the formation of chimeric genes. Spontaneous reciprocal translocations involving chromosomes VIII and XVI are selected under fermentation conditions such as the use of sulfite as a wine preservative (90) . An SSU1-allele, which confers sulfite resistance, is found at the breakpoint, indicating GCRs can be involved in adaptive evolution. Some selective advantages in S. cerevisiae resembling translocations specific to other species have also been proposed (20). These translocations can affect the fitness of S. cerevisiae under certain environmental conditions.
Break of Synteny by Local Inversion/Deletion
In a careful examination of gene pairs cloned from S. bayanus, 19 genuine nonsyntenic couples have been found when compared with S. cerevisiae. Of these 19 rearrangements, only 3 can be attributed to GCRs while the other 16 are small rearrangements. Ten of these 16 are distinct situations of differential loss of duplications and 6 are composite rearrangements (31). These results suggest a possible mechanism of gene inversion through inverted duplication and subsequent deletions of the original copy of the gene. The whole-genome sequence of three Saccharomyces sensu stricto species revealed a total of 20 inversions. The presence of tRNAs in the flanking regions in opposite transcriptional orientation may hint toward a novel mechanism that generates inversions mediated by recombination (54). Their distribution, 4 in S. paradoxus, 13 in S. mikatae, and 3 in S. bayanus, is not consistent with their phylogenies based on sequences, which is similar to that seen in large GCRs. The high number of inversions found in S. mikatae is consistent with its general genome variability found in different isolates of this species and may reflect a general genome instability (68) . When comparing more distantly related species, researchers have found that synteny breaks dramatically rise. One of 12 syntenic couples, TFB2/DBP1, analyzed in S. servazzii shows inverted orientation compared with S. cerevisiae (64 S. cerevisiae predicted ∼1100 small inversions, most of which involve single genes (100).
On the other hand, deletions seem strictly linked to duplications. Duplicated genes are likely inactivated or eliminated after duplication. Mutations, single-gene deletions, and large segment deletions are the main mechanisms that eliminate duplicated genes. Comparative genomics suggests that meropolyploidy and deletion are in continuous dynamic balance in the yeast genomes (70) . In S. cerevisiae, after WGD, gene deletions occurred predominantly by single gene than by large segments (53).
GCRs seem to account for only a minor fraction of the synteny breaks. Most breaks arise by small inversions and deletions. Gene orders may be unconstrained by natural selection as well as by small rearrangements; however, GCRs may be selected against because of their disruption of meiosis (100).
COMPARATIVE GENOMICS
Number of Complete and Partial Genomes Available for Comparison
The advent of whole-genome shotgun technology recently unveiled a large number of genomes, marking the birth of comparative genomics. Yeasts, with their small and compact genomes and broad range of phylogenetic distances covered, are at the forefront again ( Table 1 ) and therefore are useful for investigating several different biological questions (45). For example, the evolutionary distances within the hemiascomycetes are similar to the entire phylum of chordates (25, 105).
Among these other genomes sequenced, there are important model organisms such as Schizosaccharomyces pombe (120) and human pathogens such as C. albicans and Candida glabrata (25, 52), species with peculiar metabolisms and physiological proprieties such as the Crabtree-negative species Kluyveromyces lactis, the alkane-using Yarrowia lipolytica, and the halotolerant Debaryomyces hansenii (25). Others, such as Kluyveromyces waltii and Ashbya gossypii, were sequenced to map the ancient WGD in S. cerevisiae (23, 53). More closely related species, such as those in the Saccharomyces sensu stricto complex, were used to map conserved consensus regulatory motifs along the S. cerevisiae genome (18, 19,  54) . The immense amount of information obtained from these studies permitted a global picture of the major evolutionary events that shaped the yeast genome.
Improvement of Gene Annotation by Comparing Different Genomes
After the complete sequence of the genome, the S. cerevisiae consortium faced the problem of sequence annotations on a genome-wide scale. Despite decades of genetic research in budding yeast, a large fraction of the genes remain uncharacterized (24). The only feasible approach was a systematic assignation of yeast genes. Because random-start codons frequently occur within a genome, the large number of short nontranscribed ORFs needed to be distinguished from real genes. To overcome this problem, a size cutoff was set to >99 amino acids. Two main drawbacks of the systematic approach were immediately clear: Small, true ORFs were omitted and spurious, false ORFs were annotated.
High-throughput experiments partially alleviated these problems. A large number of previously nonannotated ORFs were revealed by different approaches such as serial analysis of gene expression (111), transposon insertions (58), and microarray technology coupled with mass spectrometry (89) . Most of these were smORFs.
A much more precise picture of the S. cerevisiae genome can be inferred by using comparative genomics. This approach consisted of comparing the S. cerevisiae genome with a number of both close and distant yeast species in order to correct errors in the original annotation. The revisited annotation consists of discovering novel genes and spurious ORFs, correcting gene coordinates, and validating ORFs of previous unknown function.
Comparing the partial genomes of 13 other yeast species, 50 novel genes were proposed and coordinates of 26 ORFs were extended (7) . A reannotation has also been proposed after the S. pombe genome project was completed. The analysis yielded three novel genes and 370 ORFs that were found to be spurious (121). A homology search of the intragenic sequences of S. cerevisiae in the fungal database yielded 117 smORFs, of which 84 are transcribed (56).
A careful comparison with the whole genome of A. gossypii added an additional 23 genes (11) . These genes either are short or have previously unidentified introns. The original coordinates of 72 ORFs were extended because of overlooked introns, 5 or 3 extension, and fusion with neighboring ORFs. This comparison also found homologs and indeed validated 1041 of the 1885 uncharacterized ORFs of S. cerevisiae. The authors also suggested that most of the 419 overlapping S. cerevisiae ORFs are likely to be spurious. In revisiting the S. cerevisiae genome, as many as 15% of the original ORFs were affected. Some of the discussed studies also highlighted a number of errors in the S288c sequence. The new annotation indicates ∼5500 to 5700 ORFs. The curators have continuously updated the Saccharomyces Genome Database. A functional analysis of the genome, consisting of systematic singlegene deletion of the originally annotated ORFs, has now been completed (36). The systematic deletion of the new nonannotated ORFs, especially smORFs (underrepresented in mutational screening), is necessary.
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Orthologs: genes from different species that share the same ancestor Evolution on a Genome-Wide Scale WGD has been verified by sequence comparison (110). Two species that diverged prior to this event, K. waltii and A. gossypii, show the predicted 1:2 mapping for CHRs in S. cerevisiae (23, 53). Eighteen of 20 duplicated blocks in C. glabrata are shared with S. cerevisiae (25). This is consistent with C. glabrata having diverged after WGD (118). The discrepancies between the number of duplicated blocks in S. cerevisiae and C. glabrata, 56 and 20, respectively, can be explained by their different rates of gene loss. Despite the presence of several gene families, the genome of S. pombe does not show signs of whole duplication (120).
Comparative analysis identified 145 sister regions, including 457 gene pairs (53). Gene loss is balanced in the sister regions and the deletions primarily occurred by single-gene deletion than by large segments. In 76 pairs one of two duplicated genes showed accelerated evolution with acquisition of a new function. The other 100 pairs showed almost no sequence divergence. This could be due to direct advantages of gene dosage (12) or to recent sequence homogenization by gene conversion (25, 53). In a different analysis, a subset (∼10%) of S. cerevisiae duplicated genes were compared with their orthologs in several yeast species (63) . Results show that fates of duplicated genes are different, suggesting an asynchronous evolution. The different substitution rate in genes originating from the same WGD complicate the timing of WGD (99, 116).
Segmental and single-gene duplications arise independently. The rate of gene duplications in the yeast genome is unclear. This rate has been calculated in a number of eukaryotic genomes including S. cerevisiae and is based on a molecular clock model (78) . Gene homogenization could affect this analysis. A comparative genomic approach can be a better alternative to the single-genome sequence (34). Compared with the Saccharomyces sensu stricto complex, the duplications were timed to the minimum age of duplication event and mapped within the phylogenetic tree. The latter analysis gave a duplication rate of two orders of magnitude lower than the clock-based method. The discrepancies can be explained by concerted evolution among duplicated genes.
Evolution of Yeast Lifestyle
When gene duplications in S. cerevisiae and S. pombe were compared, independent gene duplication of the same genes was observed (47). The number of duplicated genes shared between the two distantly related yeasts is higher than expected. This convergent evolution may result from an independent adaptation to the unicellular yeast life cycle.
A set of ascomycete-specific genes with no orthologs identified in other species have been described (79) . These lineage-specific genes are overrepresented in genes involved in cell wall biogenesis, which could be highly specific to the yeast lifestyle. These genes are not related to WGD, as they are found across the phylogeny of ascomycete yeasts.
S. cerevisiae can be isolated as homothallic (self-fertile) or heterothallic (self-sterile). Self-fertilization in Saccharomyces homothallic strains depends on mating-type switching (43). This system evolved after gain of silent cassettes and HO endonuclease in two distinct evolutionary times (13, 28) . In C. albicans the sexual life cycle is unknown; however, a diploid genome has been sequenced (52). The analysis of the sequence revealed extensive heterozygosity, consistent with asexual accumulation of mutations over time. Similarly, C. glabrata has no known sexual cycle (59). Although these two species are members of the same genus, they are evolutionary distant, with the latter more closely related to S. cerevisiae (5) . Comparative genomics reveals a hidden sexual life cycle in these two species. They have many of the genes required for sexual reproduction (109, 119) ; however, there is no evidence of meiosis and crossing over. The apparent loss of meiosis may be related to their pathogenic lifestyle (86) .
Relation of Metabolic Pathway and Niche Specialization
In Saccharomyces yeasts, glucose repression ensures fermentation even under aerobic conditions (113). Several lines of evidence suggest a dramatic impact of WGD on the modern physiology of Saccharomyces yeasts. One of the most fascinating hypotheses is that the duplication event turned an obligate aerobe into a perfect fermenting machine (91, 92, 116) . Other mechanisms may have played a crucial role. HGT is one of the major mechanisms in prokaryotic genome evolution (9) and may result in niche specialization in fungi as well (96). In contrast, yeast genomes do not show extended traces of HGT (25, 33). Horizontal transfer of the cytoplasmic DHOD from Lactococcus lactis to the S. cerevisiae-S. kluyveri ancestor may have contributed to the capacity of S. cerevisiae to propagate under anaerobic conditions (39). A large number of C. albicans genes do not have homologs in S. cerevisiae. Some of these genes are involved in oxidative metabolism and pH adaptation and may be selected for a specialized pathogen lifestyle (52).
Niche specialization can also occur by gene loss or inactivation as shown in a recent study investigating the Leloir galactose pathway at the genomic level in several yeast species (46). All Saccharomyces sensu stricto species can utilize galactose with the exception of S. kudriavzevii. This species has demonstrably lost the capacity to use this carbon source. In analysis of the genome sequence the GAL genes are present in S. kudriavzevii; however, the sequence is degenerate and contains multiple stop codons. This pathway inactivation seems to be related to a niche specialization, since this species seems not to be associated with a sugar-rich substrate unlike its close relatives. Interestingly, five genes involved in galactose metabolism are lost in C. glabrata (25), indi-HGT: horizontal gene transfer; nonsexual transfer of genetic material between two different species cating that the galactose pathway can be frequently lost.
Finding Conserved Regulatory Sites by Phylogenetic Footprinting
Comparative genomics is useful in understanding not only the coding portion of the genome but also functional nonproteincoding DNA. These functional elements are difficult to find and characterize. They consist of short sequences (6 to 30 bp, average of 10 nt), are often degenerate, and are generally present in the intergenic regions. Using a phylogenetic footprints approach, researchers have identified regulatory elements on a genome-wide scale (18, 54). The strategy consisted of sequencing several Saccharomyces species belonging to the sensu stricto and sensu lato groups (19). The intergenic sequence identity ranges from 59%-67% to 34%-54%, respectively. This level of diversity enables a sequence alignment of small conserved domains within a set of divergent sequences. The more distant sequences from the sensu lato species helped define the boundaries of these functional elements. In aligning the entire intergenic regions, conserved regulatory elements can be dissected from nonfunctional sequences because of their higher degree of homology. More than 8000 regulatory elements were identified. A peak of homology is detected ∼125 to 250 bp upstream of the start codons, while the downstream regions appear to be more uniformly diverged. A limited number of elements seem to regulate a large fraction of the genes and one third of them were already characterized. Using multiple sequence alignments, researchers found 79 motifs to be good candidates for novel regulatory elements. The phylogenetic approach is a useful tool that can be extended to less-related species (35). The predicted elements can now be tested under various conditions by high-throughput experimental designs to determine the presence of transcriptional regulators at these binding sites (44).
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RE: recombination enhancer
Regulatory elements can also affect other biological processes such as recombination. A small cis-acting sequence, known as RE, controls recombination on the left arm of chromosome III and plays a major role in donor selection during mating-type switching (123). Conserved domains within RE emerged from sequence alignment of closely related Saccharomyces species (107, 122). A careful search via comparative genomics may reveal other novel sequence elements that may be involved in a variety of processes, some of which are yet unknown.
Conserved Nonprotein Coding Sequences: Covariation and RNA Genes
The study of nonprotein-coding RNA also benefits from comparative genomic analysis. A major example is the secondary structure of the yeast telomerase RNA. The S. cerevisiae telomerase RNA template, TLC1, is a complex, large (∼1.2 Kbp) molecule for which a structural model could not easily be inferred. In addition, this sequence is highly divergent, even among the closely related species. This divergence is in contrast with other nonprotein-coding RNAs such as rRNA. Within the sensu stricto complex the sequence homology of TLC1 ranges from 50% between S. cerevisiae and S. bayanus to 98% when comparing two different isolates of S. cerevisiae (21, 124). This degree of diversity is actually optimal for inferring an overall RNA structure on the basis of covariation (compensatory mutations). The presence of covarying nucleotides supports the presence of conserved RNA helices. Coupling covariation analysis with enzymatic in vitro assays and complementation tests has helped determine the structure of TLC1 (21, 124). The structure consists of a central core and three extended arms necessary for interaction with other telomerase components (EST1, Sm7) or telomeric proteins (Ku). The Est1p binding site has been experimentally moved to three different positions without affecting telomerase activity (124). Furthermore, the terminal arm harboring the Sm binding site has been significantly shortened while maintaining its function (124). Comparing sequences of less related species, such as Saccharomyces sensu lato and Kluyveromyces spp., has revealed the presence of conserved domains, CS3 and CS4, forming a central core in the RNA template (67) . The RNA structure, rather than specific conserved sequence domains, seems to play a major role in telomerase function (17) . Taken together, these results suggest that TLC1 is a flexible scaffold that contributes to the assembly of telomerase proteins (77).
The Future: Global Yeast Phylogeny and Population Genomics
Gene sequence comparisons have been used in past decades to infer phylogenetic relationships. However, extended incongruence of tree topologies is often obtained when analyzing different single genes (60). Independent analysis of 106 genes in seven Saccharomyces species produced 20 different gene topologies, but a combined analysis of the same set of genes produced a single consistent tree (95). A minimum of 20 genes are required to obtain a >95% bootstrap value for each branch point. Concatenation analysis of unlinked genes can now be extended to other less-related species to obtain a definitive yeast species phylogenetic tree. A global genome phylogeny can also resolve the molecular clock problem and the precise timing of speciation.
Until now the study of yeast genome evolution and comparative genomics has utilized sequences from single isolates of any given species. For many questions of evolution (such as mechanisms of speciation) and the dynamical processes of point mutations, selection, and rearrangements (both small local and GCR), it is necessary to have a measure of the diversity within a species. Population genomics, the sequencing of partial or whole genomes of several isolates, will yield an immense amount of information. There is a great deal of variation in phenotypes among different isolates of the same species, and some of these differences are important adaptations to particular environments, such as the clinical isolates of S. cerevisiae (115) or domesticated wine strains (50, 87). Sequence variation is also observed in different geographical populations, such as in the wild yeast S. paradoxus (51, 68, 88, 104) . Sequence variation between isolates identified by microarray analysis using small oligos has been useful in mapping the underlying genetic differences responsible for the phenotypic differences (15, 29, 106) as well as in understanding the genetic relationship among the strains of yeast used by different groups (114). Sequence variation is also involved in reproductive isolation between subpopulations of a given yeast species (42, 104) , and a population genomic survey of sequences will help in understanding the role of this sequence diversity in speciation itself.
Yeast genome evolution and comparative genomics may appear well established and mature compared with other taxa and they are at the forefront of such studies. However, we are only at the beginning and the future is bright for learning a great deal more about the processes involved in shaping the genomes of yeasts, which will undoubtedly be applicable to the study of any eukaryotic genome, including that of our own.
SUMMARY POINTS
1. The S. cerevisiae genome was the first eukaryotic genome sequenced and, along with other yeast sequences of close and distant relatives now available, is at the forefront of studies on genome evolution.
2. The genomes of yeasts are subject to numerous dynamic processes including duplications of the whole genome, leading to tetraploidy, as well as segmental duplications of large blocks down to single genes.
3. Duplicated genes can evolve at different rates, leading to rapid evolution of new functions in some cases while maintaining homogeneity via gene conversion in other cases.
4. Deletions of sequences can be massive or small and occur throughout evolutionary time, but they are invariably associated with prior duplication events.
5. Breaks in synteny between closely related species genomes are generally caused by local inversions and deletions or sequence divergence, which leave relics of duplications behind, rather than by GCRs, which do occur but are not a major force in speciation.
6. Comparative genomics is a powerful tool for elucidating a global, genome-wide view of evolution and for correcting annotations as well as finding small conserved sequences, regulatory and structural, that otherwise remain hidden.
7. The loss of a particular pathway or process in a species is generally accompanied by the loss of many genes involved in the pathway than by inactivation of a single gene in the process, leading to global species-specific differences.
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